Synchronizing the availability of N in the rhizosphere with its uptake pattern by the trees throughout the vegetative cycle enhances the efficiency of its use. This study aimed to: i) quantify the N use efficiency in the non-bearing pear trees, fertigated with 15 N and ii) identify the pear tree N storage organs and access the distribution of N derived from the fertilizer (NDFF) in the organs. One-year old pear trees (Pyrus communis cv. Rocha on quince BA29 rootstock) planted in a loamy sand soil at 4 m x 1.5 m spacing, were supplied from April to October with 6 g N tree -1 of ammonium nitrate, doubled labeled with 5 atom% of 15 N. Leaf samples were monthly collected to determine %NDFF. At the beginning of leaf fall five trees were wrapped with nets and all abscised leaves were collected. At the end of leaf fall trees were removed from the soil and divided into fine and coarse roots, trunk and shoots. Each plant sample was weighed and analyzed for total N and 15 N abundance. The trunk was the main storage organ of the tree (44.5% of the total N), followed by the coarse roots (24.8%).
INTRODUCTION
Although crops usually respond to nitrogen (N) fertilizers, this will depend on weather and soil conditions, the crop species and the amount of available N in the soil, especially during the growth period (Mengel and Kirkby, 2001) . One of the most important factors controlling the effect of N fertilizer on crops is water supply, for when it is insufficient, fertilizer N is inadequately taken up by the crop and some of it may be lost by denitrification (Corbeels et al., 1998) . Low N-fertilizer use efficiency can result from N losses by leaching, denitrification, volatilization, competition between the crop and weeds, the incidence of pests and diseases, as well as from leaf, flower and fruit fall. Furthermore, the synchronization of N availability in the rhizosphere with its uptake pattern by the trees throughout the vegetative cycle can enhance the efficiency of its use. The presence and use of tree N reserves is often as important as soil uptake (Titus and Kang, 1982; Tromp, 1983) . The use of the stable isotope 15 N provides a precise quantification of the N uptake by the crop and its dynamics within the plant (Carranca, 2000) . The 'Rocha' pear represents more than 90% of Portugal's pear production and it is an important source of income to the Oeste region (yielding about 80 million € year -1 ), due to increasing sales in Europe (mostly to the UK), Canada and Brazil, representing 30% of the total 'Rocha' pear sales (Anon., 2003) . New management techniques in 'Rocha' pear plantings have led to higher tree densities, the use of fertigation and the adoption of soil conservation practices, resulting in approaches to fertilization which differ from the methods previously used in extensive, tilled and non-irrigated orchards. As the availability of N to newly-planted trees has a great impact on the orchard's future productivity and sustainability, the questions assessed by this research were: i) to quantify the N use efficiency in non-bearing pear trees fertigated with N and ii) to identify the N storage organs in the young pear trees and assess the distribution of N derived from the fertilizer (NDFF) in the tree.
MATERIALS AND METHODS
One-year old pear trees (Pyrus communis L. 'Rocha' grafted on quince BA29 rootstock) were planted in March 2003 in a loamy sand soil at 4 m x 1.5 m spacing in Pêro Moniz, Cadaval, Portugal. The soil pH was slightly acid (6.0), with low organic matter (0.7%) and N (0.6 g kg -1 ) contents, and high P (96 mg kg -1 ) and medium K (50 mg kg -1 ) levels. The experimental design consisted of single tree plots replicated five times in a randomized block design. The trees were supplied with 6 g N tree -1 of ammonium nitrate, doubled enriched with 5 atom% 15 N, fractioned in weekly applications, from April to June (20% each month), and from July to mid October 2003 (10% each month), totalizing 21 applications. In the same period, each tree received 9 g P and 30 g K as potassium dihydrogen phosphate and potassium sulphate, through injection in the irrigation system and delivered once a week in a 30 minutes period, within the 1 hour daily irrigation period. The irrigation system used two 3.6 L h -1 pressure compensating drippers spaced by 0.75 m, per tree. The trees were planted with bare root (subjected to a slight root pruning) and had an axis without any shoots. They were trained to a central leader and subjected to pest, disease and weed control according with the Integrated Fruit Production national guidelines (Gonçalves et al., 1997) .
At planting and at the end of leaf fall, the trunk perimeter and tree height of 10 trees were measured at 20 cm above the graft (Jordão, 2002) ; the trunk cross sectional area was calculated according to Westwood (1993) . The total number of one-year shoots per tree was measured along with the shoot length of the 10 first basal shoots of each tree (which represented about 30% of total number of shoots).
Leaf samples were collected monthly from the medium third of the shoots of five trees, refrigerated and taken to the laboratory, where they were rinsed in distilled water, dried at 65 ºC for 48 h and ground to powder (particles size < 0.5 mm). Fresh and dry weights were taken. Total N and 15 N enrichment were determined by dry combustion and mass spectrometry, respectively, in the 'Laboratorio de Isotopos Stables" (Madrid), and the N derived from the fertilizer (NDFF) was calculated according to Carranca et al. (1999) . At the beginning of leaf fall, all the trees were wrapped with nets and all abscised leaves were collected at the end of leaf fall. Five trees were then entirely removed from the soil and the root system of each tree was measured with a millimeter-precision metric scale as to the maximum rooting depth, within row and between row length, and the number of coarse roots was recorded. The trees were taken to the laboratory and divided into fine roots (< 2 mm diameter), coarse roots (> 2 mm diameter), trunk and one-year shoots. Each plant sample was processed and analyzed as already described for the leaves, but total N was determined by the Kjeldahl method. NDFF was calculated for each tree organ and N use efficiency (NUE) was calculated according to Carranca et al. (1999) .
Data were analyzed by Analysis of Variance using the General Linear Model (GLM). Whenever significant differences were detected, the post-hoc Schéffé test was used. Statistical analyses were made with SPSS 12.0 for Windows (SPSS Inc., USA) package.
RESULTS AND DISCUSSION
From May to mid October 2003, the orchard received 1440 m 3 water ha -1 through irrigation. The water had low electric conductivity (0.51 dS m -1 ) and low ammonium (0.1 to 2.2 mg N-NH 4 L -1 ) and nitrate content (4 to 6 mg N-NO 3 L -1 ) from May to October 2003. Irrigation water provided 4.4 g N tree -1 during the irrigation period, 10% in May, 31% in June, about 20% in July and August, and 7 and 8% in September and October, respectively.
Tree growth response to the applied N
After the first year of 15 N fertilization, young 'Rocha' pear trees grew 34.4 cm in height and 1.1 cm 2 in the trunk cross sectional area (Table 1) , representing an increase of 92%. Each tree yielded on average 28 shoots measuring 15.7 cm ( Table 1 ). The root system of the drip irrigated trees reached 28.0 + 3.1 cm depth, with a length of 30.5 + 7.8 cm within row and 32.2 + 6.0 cm between rows. The average number of coarse roots per tree was 10.6 + 4.3.
Tree N partitioning
The stored N (3.89 g N tree -1 ) accounted for 1.3% of the dry matter of the trees [295.5 g dry weight (DW) tree -1 ] in the winter. The main N storage organ of the young pear trees was the trunk, with 44.5% of the total N, followed by the coarse roots (24.8%), mostly due to their greater biomass, as they had a lower N tissue concentration ( Table 2) . The shoots and fine roots did not differ in their stored N. In 5 year-old 'Comice' pear grafted on BA29 the main tissues exporting reserve N to new growth were branches, trunk and roots (Sánchez et al. 1991) . Although senescent leaves showed the greatest N concentration (20.0 g N kg -1 DW), the N withdrawn from the senescent leaves (0.58 g N tree -1 ) only represented 14.9% of total N in the tree biomass.
N uptake and mobilization
The total N concentration in the leaves was relatively stable during the fertigation period (18.8 g N kg -1 DW), although it reached a minimum of 15.6 g N kg -1 DW in the beginning of June, two months after the beginning of fertilization (Fig. 1) . The %NDFF in the leaves increased from May (0.9%) to August (12.1%), when shoot growth ceased, remaining constant after that (Fig. 1 ). It appears that trees began to take up the N from the fertilizer in greater amounts only in June, possibly because of the lack of new roots at the beginning of N application (April), as a consequence of previous root pruning. In newlyplanted 'Golden Delicious' apple trees grafted on M9, the demand for root-supplied N was low until 11 weeks after planting, because early shoot and root growth was supported by remobilization from woody tissues (Neilsen et al., 2001a) . Cheng et al. (2001) also demonstrated that spring new shoot and leaf growth of pear trees coming from nursery is closely related to reserve N levels, whose utilization is not affected by the current year N supply. Furthermore, Taylor et al. (1975) observed that high N supply in summer was most effective in stimulating growth of young pear trees, when compared to spring or fallapplied N.
The leaf N content did not change significantly before leaf fall, suggesting a very small withdrawal of N to storage tissues at this stage. At the same time, the 15 N content in the leaves in August (0.05 g 15 N tree -1 ) did not differ from the 15 N content in the leaves at senescence (0.04 g 15 N tree -1 ), although the senescent leaves collected included all the leaves in the shoot. Trials performed in 2003 in newly-planted 'Rocha' pears with nonlabelled N at four application rates (0, 6, 12 and 24 g N tree -1 ) showed identical values (10%) of the difference between total N in leaves collected when growth ceased and at senescence for all N treatments (Neto et al. 2004) . Such low values of N withdrawal from senescing leaves are explained by Tagliavini et al. (2000) in Actinidia deliciosa by the short period of leaf abscision, but also due to the uptake of N by roots in the autumn which is directly allocated to storage, as already referred by Millard and Thomson (1989) for Malus domestica and Tagliavini et al. (1998) for Prunus persica.
N use efficiency
After the first year of N fertigation, newly-planted 'Rocha' pear trees showed an overall low N-fertilizer use efficiency of 6.3% (0.4 g N tree -1 ) ( Table 2 ). 15 N enrichment was greater in the trunk (0.18 g 15 N tree -1 ) and coarse roots (0.10 g 15 N tree -1 ), which represented 47.3% and 25.2% of the total 15 N recovered in the tree tissues, respectively. The trunk and the coarse roots also presented the highest NUE (3.0% and 1.6%, respectively). At the end of the vegetative cycle, the lowest %NDFF was observed in the senescent leaves (6.2%), representing only 0.6% of the fertilizer N applied. Sanchez et al. (1991) estimated 15 to 20% N-use efficiency for 5-years old field-grown 'Comice' pears. Neilsen et al. (2001b) obtained 22.3% of N uptake efficiency in 3 year old bearing 'Elstar' apple trees. Nannipieri et al. (1995) found N uptake efficiencies of 1% to 10% for 'Golden Delicious' apple trees grafted on M9, in the first five years after planting.
Inefficient use of N fertilizer in the orchard's first year of planting may reflect an inadequate N uptake throughout the vegetative cycle, due to the slow process of root growth in the first months after planting, as a result of root pruning or as a consequence of plantation-induced stress. The low N requirements of the trees in the initial two months after budbreak, related to the use of N reserves in the storage organs of the tree (trunk and coarse roots), can also have contributed to lower the N-fertilizer use efficiency of newlyplanted 'Rocha' pear trees.
AKNOWLEDGEMENTS
This research was supported by the Portuguese government through the PIDDAC 111/02 project and by a Ph.D. scholarship funded by "Fundação para a Ciência e Tecnologia". We would like to express our gratitude to Nuno Clemente for the opportunity of carrying out the experiment in his orchard and to his permanent availability to attend our practical needs. 
Literature Cited

